In Germany, about 60 million tons of demolition waste are generated annually. Approximately 70% of the demolition waste is currently recycled. Most recycling applications, for example in roadbed substructures, can be seen as a kind of downcycling. However, there are also some high-level applications for demolition waste. For instance, crushed and sieved concrete demolition waste can be used as concrete aggregate instead of natural materials. Depending on the crushing process, about a third of the broken concrete is currently concrete sand. At present, concrete sand fraction (0-4 mm) is rarely reused as a concrete aggregate. This is due to the fact that some important characteristics of crushed concrete sand are different from those of natural sand. As a result, it does not reach the standards required for aggregates. Concrete containing such aggregate is of lower quality than concrete made of natural aggregate. This paper describes an experimental investigation on the treatment of concrete sand gained from demolition waste by wet processing using a jig whereby the sand is separated by grain size and, more importantly, by density. Concrete produced with concrete sand which has been treated in this manner should have the same quality as concrete prepared with natural aggregate. Recycled sand used as aggregate substitutes natural resources and avoids disposal of waste. It has all the characteristics of an Ecomaterial.
Introduction
Concrete will continue to be the dominating construction material in the future. Like in other industries, progress in concrete technology must take into account the world wide need to conserve both resources and the environment, to reduce waste and to effectively utilize energy. 1) Using crushed concrete from demolition waste as concrete aggregate instead of natural materials on a large scale can make a significant contribution to preserving natural resources and to the reduction of the amount of demolition waste. During the last few years, several research projects have been conducted on the use of recycled aggregates in concrete. These projects have mainly investigated coarse-grained concrete obtained from demolition waste by dry recycling technologies. These studies have demonstrated that recycled aggregates can be used instead of natural aggregates under certain conditions or they can be used as supplements to natural aggregates. [2] [3] [4] Attempts on the use of recycled sand in the production of concrete have been less successful. Therefore, the possibility of using demolition waste sand fraction in concrete is rather limited to date. In Germany, for example, recycled sand may not be used in concrete for external wall units. 5) Considering that currently 20-50% of the broken concrete is obtained as concrete sand, the potential of concrete sand fraction, especially when taking into account the extensive building activity and concrete consumption during the last 40 years, will inevitably result in a significant increase in concrete demolition waste in the coming years. 6) Prior investigations on the replacement of natural sand by concrete sand fraction obtained by dry treatment were not very successful. 7, 8) In this study it was therefore examined whether wet treatment can improve the material properties of the concrete sand fraction. A series of tests was conducted to investigate the effects of wet treated fine aggregates upon the material properties of concrete and mortar.
Ecomaterials with a Green Environmental Profile
Gravel and sand are natural resources with virtually unlimited reservoirs but also with a high exploitation rate. The conditions of formation are sedimentary, i.e. mainly glacigene, marine and fluviatile. 9) In 1999, 383 million tons of sand and gravel were consumed in Germany. Approximately 45% of the sand and gravel is used for ready mixed concrete and mortar. Other applications are in pavements or base layers for roads and in additional forms of utilization in civil engineering. The exploitation damages the natural landscape, since large amounts of land are used up in the process (0.02 m 2 of land is used for the production of 1 ton of rock). 10) Today, concrete is the most important building material in industrialized countries. It consists of gravel, sand and cement. In Germany, cement consumption was 40 million tons in 1999. Limestone, clay and other rocks and minerals are used as raw material. For the calcination of the raw material approximately 1000 kWh of thermal energy is required to produce 1 ton of cement clinker.
11) Therefore, the aspect of energy consumption is at least as important for cement production as the exploitation of natural resources. The substitution of fossil fuel for the calcination process by high-calorific waste and by reducing the environmental load by reducing the calcination temperature are possibilities to save energy resources. 12) Using ashes from incineration processes as a substitute for lime and clay is also a promising route to replace natural resources by waste materials. [13] [14] [15] The resulting product, called Ecocement, is already certified in Japan (JIS R 5214:2002). 16) It is currently impossible to substitute concrete as the major building material in industrialized countries by renewable resources (e.g. wood) because neither production rate nor performance is sufficient. The consumption of building materials is steadily increasing because the lifetime of buildings is limited (mostly due to technological obsolescence, not because of structural deterioration). Recycling processes for waste materials should result in products which are sufficient in performance to substitute natural materials. For demolition waste this means that sand and gravel can potentially be utilized as aggregate for concrete production. In that case, downcycling or disposal of waste could be avoided. Materials which are not disposed of in landfills are regarded as Ecomaterials. Halada and Yamamoto have developed a useful classification of different types of Ecomaterials. 17) Sand from demolition waste which can be used as an aggregate for concrete production is, therefore, a good example for an Ecomaterial with a green environmental profile.
Experimental Section
For the study, a concrete sand fraction was chosen which was produced by crushing and dry sieving concrete demolition waste from the selective dismantling of a combined heatpower plant. Laboratory tests showed that the material was not contaminated.
The concrete sand fraction (0-4 mm) was treated in a pilot plant, which combines a stirring unit to remove the binder matrix from the grains, a hydrocyclone to remove particles below 100 mm (fine fraction) and, most importantly, a jig (see Fig. 1 ) to separate the material by density (light fraction and heavy fraction).
The pilot plant can be operated continuously. Depending on the material's composition, the flow-rate ranges between 0.3 and 1.5 t/h. For the concrete sand fraction, the flow-rate varied between 0.6-0.65 t/h. Before entering the stirring unit, water was added to the material. The stirrer settings were either 100, 600 or 1000 revolutions per minute (rpm). Then the hydrocyclone removed the fine fraction consisting of settleable solids and abraded cement matrix.
The remaining sand fraction of 0.1-4 mm passed through the air-pulsed jig. In the jig the sand fraction was separated by density and partly by classification. The separation is based on the different densities of natural grains (2.65 t/m 3 of quartz for example), concrete (2.2-2.5 t/m 3 ) and of hardened cement paste (1.3-1.8 t/m 3 ). The pulsating water in the jig causes the particles to float within the water. Particles of different density stratify within the material flow: heavy grains sink and lighter particles rise to an upper zone, so that both fractions can be discharged separately. 18) Applying such a wet treatment, the concrete waste sand is separated into three fractions: fine, light and heavy material.
Different test runs were carried out with various jig and stirring unit settings. Samples of the three fractions and of the raw material (the dry treated concrete sand) from every test were analyzed by chemical/physical analyses (acid solubles and acid-insolubles, sieve analysis and microscopy) and, except for the fine fraction, building materials tests dynamic modulus of elasticity (Young's modulus), compressive strength, flexural strength and workability, i.e. consistency and water absorption.
Due to the grain size of the building material, tests were conducted on mortar test cubes, all made with the same mortar mixture. Also a mass balance for every test run in the pilot plant was calculated.
Results
The wet treatment of the concrete sand fraction changed the granulometric composition of the material. The mechanical load of the material in the pilot plant caused an increase of finer grains in the total mass of the treated material. This rise is mainly caused by abrasion of adherent cement matrix. The differences in the granulometric composition of the total mass and the different particle size distribution curves are shown in Figs. 2 and 3 .
The results of sieve analysis show -as expected -a significant reduction of settleable solids in the heavy and light fractions. The content of settleable solids in aggregates is limited by specific guidelines. 5) Sieving results also show that simultaneously particles of bigger grain size accumulated within the heavy fraction (Fig. 3) . The acid soluble fraction decreased due to the removal of adherent cement paste on the aggregate particles. The grain size distribution has been examined before and after processing. The differences are displayed in Fig. 2 and show that there is a mechanical disaggregation during the processing. Mainly grain sizes bigger than 2 mm decrease whereas the fine grains smaller than 0.1 mm increase. The diameters in between vary only to a minor extent. The sum of these differences are zero. It seems that adherent cement gets rubbed off from the cores of the grains consisting of rock material. However, results from XRF and acid leaching tests show that not only cement but also quartz and other rock components are involved in this process and can be found in the fine fraction. The mechanical disaggregation vs. frequency relationship of the stirring unit is not significant. When comparing the particle size distribution curves of all fractions (Fig. 2) , it can be seen that there is no significant difference in the granulometric composition having treated the material at 100 and 1000 rpm. In view of the great difference in energy consumption of the stirring unit at these two levels, it is not economical to use the higher frequency. Nevertheless, not only the stirrer but also other process units can cause this decomposition.
After the wet treatment of the concrete sand fraction, the material properties were improved compared with the input material, which had only been treated dryly. Further important results of the laboratory tests are summarized in Table 1 .
The results of processing and separation were analyzed using mass balance, acidic digestion and sieving of the fractions. An accumulation of acid-insoluble particles, which is a benchmark for the loss of adherent binder matrix, can be seen in the heavy fraction, while there is an enrichment of acid-soluble particles in the fine fraction. There is a corresponding loss of water absorption in the heavy fraction -usually caused by the binder matrix-and an increase in the light fraction. The changes in both material properties (water absorption and acid-insoluble content) and the increase in the apparent density seem to indicate that the material properties are approaching those of natural aggregates due to the wet treatment of the sand fraction.
The results of strength measurements on mortar with wet treated heavy fraction improved in comparison to mortar that contained dry treated material (Figs. 4 and 5) . The measured values of compressive strength were up to 27% higher and on average 13% higher. Flexural strength was up to 58% above the input material, and on average 17%. Dynamic modulus of elasticity showed a rise of up to 43% above dry treated material, and on average 26%. Even the wet treated light Although there is a clear improvement in the material properties of the wet treated heavy fraction, these results are below the results for mortar made with natural aggregate, and lower than previous studies with concrete sand from a different origin. 4, 19) This might be caused by a different mineral composition. 2, 20) In the microscopic examinations which were conducted a significant percentage of feldspar, which is more scissile than e.g. quartz, was found in the aggregate. The particles were predominantly plate-shaped. Other studies 2, 8, 20) have shown that the aggregate type has an effect on strength properties.
As a further step to investigate the applicability of concrete sand fraction for recycled concrete aggregate after a wet treatment, additional testing will be carried out on concrete demolition sand of different origin and different mineralogical compositions.
Conclusions
In this study the material properties of wet treated demolition concrete sand was investigated in comparison with dry treated material with regard to its applicability as a concrete aggregate. The main results can be summarized as follows:
(1) The following material properties of the wet treated material improved: content of settleable solids in heavy and light fraction, content of acid-insolubles, water absorption and density in the heavy fraction. 
